chelate reductase activities of leaf plasma membrane preparations from Fe-deficient and Fe-sufficient sugar beet. With an apoplasttype assay medium the ferric chelate reductase activities did not change significantly when Fe(III)-EDTA was the substrate. However, with ferric citrate as substrate, the effect depended on the citrateto-Fe ratio. When the citrate-to-Fe ratio was 20 : 1, the effects were practically unappreciable. However, with a lower citrate-to-Fe ratio of 5 : 1 the activities were significantly lower with the apoplast-type medium than with the standard assay medium. Our data also indicate that anaerobiosis during the assay facilitates the reduction of ferric malate and Fe(III)-EDTA by plasma membrane preparations. Anaerobiosis increased by approximately 50% the plasma membrane ferric chelate reductase activities when Fe(III)-EDTA was the substrate. With ferric malate anaerobiosis increased activities by 70-90% over the values obtained in aerobic conditions. However, with ferric citrate the increase in activity by anaerobiosis was not significant. We have also tested the effect of riboflavin, flavin adenine dinucleotide, and flavin mononucleotide on the plasma membrane ferric chelate reductase activities. The presence of flavins generally increased activities in plasma membrane preparations from control and Fe-deficient plants. Increases in activity were generally moderate (lower than twofold). These increases occurred with Fe(III)-EDTA and Fe(III)-citrate as substrates.
Introduction
In the roots of dicotyledonous plants there is an obligatory Fe reduction step from Fe(III) to Fe(II) prior to uptake (Chancy et al. 1972 ). An increase in the capacity to reduce Fe is considered to be an integral part of the so-called Strategy I, that involves a number of different mechanisms. Strategy I results in Fe-deficient dicots and non-Poaceae monocots in an improved Fe acquisition (Marschner et al. 1986 , Welkie and Miller 1993 , Marschner and R6mheld 1994 . The increase in the capacity to reduce Fe is likely related to one or more plasma-membrane(PM)bound ferric chelate reductase (FC-R) enzyme(s) (Bienfait 1985 , Cakmak et al. 1987 , Bienfait 1988 , Rubinstein and Luster 1994 , Moog and Brtiggemann 1994 . However, Fe acquisition from the soil is not the only limiting step in Fe utilisation by plants. After Fe is taken up it must be transported to its sites of utilisation all over the plant. Since most (up to 80%) of the leaf Fe is located in'the chloroplast, to arrive at its final destination most of the Fe must cross several biological membrane systems. The characteristics of this multistep internal transport system are still largely unknown, although there is evidence in literature suggesting that some steps in the internal transport system may be impaired by Fe deficiency itself. For instance, the fact that in many cases leaves from Fedeficient plants have total Fe concentrations similar to those of control, Fe-sufficient leaves (Abadfa 1992) may suggest that Fe acquired from the soil could be immobilised in inactive forms in the leaf. Therefore, more information is needed on the fine characteristics of the different steps in the Fe transport systems, and also on the changes induced in those systems by Fe deficiency. Few data are available so far on how Fe enters the leaf cell. Iron is commonly assumed to be transported in the xylem as Fe(III)-citrate complexes (Tiffin 1966a, b) . The existence of a mesophyll FC-R, similar to that of the root PM, related to Fe uptake and capable to use Fe(III)-citrate as substrate was first demonstrated in Fe-sufficient and -deficient leaves of Vigna unguiculata (Brtiggemann et al. 1993) . The presence of a mesophyll FC-R able to use Fe(III)-EDTA was confirmed in Helianthus annuus by de la Guardia and Alcfintara (1996) . In this paper we have studied the effects of several modifications in the assay medium on the FC-R activities of PM preparations from Fe-sufficient and -deficient sugar beet (Beta vulgaris L.). We have tested (a) the effects of changes in the buffer composition, by using an apoplast-type medium; (b) the effect of anaerobiosis, and (c) the effect of several flavin-type compounds, such as riboflavin, flavin mononucleotide (FMN), and flavin adenine dinucleotide (FAD). We have used as substrates Fe(III)-citrate and Fe(III)-malate, two of the most likely Fe carriers in the xylem, and also Fe(III)-EDTA.
Material and methods
Sugar beets (Beta vulgaris L. hybrid Monohil from Hillesh6g, Landskr6na, Sweden) were grown in a growth chamber. Seeds were germinated and grown in vermiculite for two weeks. Seedlings were grown for two more weeks in nutrient solution (in 3/8-Hoagland nutrient solution with 40 gM Fe) and then transplanted to 201 buckets (4 plants per bucket) containing half-Hoagland solution with 0 or 45 gM Fe. Iron was added as NaFe(III)-EDTA (Sigma). In the zero Fe treatment the pH of the nutrient solution was raised with 1 mM NaOH and 1 g of solid CaCO3 per liter to simulate conditions usually found in the field that lead to Fe deficiency; this treatment led to a constant pH 7.7 throughout the 10-12 day growth period (Susfn et al. 1994) . Plants were grown with a PPFD of 350-400 gmol photons per m 2 9 s at 25 ~ 80% relative humidity and a photoperiod of 16 h light to 8 h dark. The chlorophyll concentration was estimated nondestructively with a Minolta SPAD-502 chlorophyll meter. Control leaves were chosen with chlorophyll concentrations above 30 nmol/cm 2, whereas leaves from Fe-deficient plants were chosen with 8-12 nmol chlorophyll per cm 2. Leaves were harvested from control and Fe-defieient plants for plasma membrane isolation. Vesicles enriched in PM were purified from a leaf microsomal fraction by differential centrifugation in an aqueous-polymer two-phase system (Larsson 1985 , Palmgren et al. 1990 , Brtiggemann et al. 1993 ). Leaves were cut in small pieces and homogenised with an Osterizer kitchen blender (3 bursts at maximum speed, 20 s each), in a medium containing 330 mM sucrose, 1 mM dithiothreitol (DTT), 2 mM ascorbate, 0.5 mM phenymethylsulfonyl fluoride (PMSF), 5% polyvinyl-pyrrolidone, 0.1% bovine serum albumin, and 20 gM leupeptin in 50 mM Hepes-KOH, pH 7.5. A ratio of 1 g (fresh weight) leaf to 6 ml homogenisation medium was used. The homogenate was filtered through two layers of Miracloth and the filtrate was centrifuged at 10,000 g for 10 rain. The pellet was discarded and the supernatant was centrifuged at 50,000 g for 60 min to obtain a microsomal fraction. The microsomal fi'action was resuspended in 7.5 ml of a medium containing 330mM sucrose, 5 mM K-phosphate buffer, pH 7.8, 5 mM KC1 and 6 mM DTT and layered over an aqueous-polymer two-phase system, to yield a 30 g system with a final concentration of 6.5% dextran T500, 6.5% polyethylene glycol (PEG 3350), 5 mM KC1, 330 mM sucrose, and 5 mM K-phosphate, pH 7.8. The partition was carried out three times (Larsson 1985) . The final upper PEG phase was diluted sixfold with a buffer containing 10 mM 3-[Nmorpholino]propane-sulfonic acid-Bis-Tris propane (MOPS-BTP), pH 7.0, 3 mM EDTA, and 250 mM sucrose, and centrifuged at 50,000 g for 60 min. The resulting pellet was resuspended in the same medium with 0.5 mM PMSF and 20 gM leupeptin and stored in aliquots at-80 ~ The purity of the PM preparations was estimated from the enzymatic activities characteristic of PM and other organelles. The activity of the PM-associated vanadate-sensitive and Mg2+-dependent ATPase was assayed by measuring the release of phosphate from ATP at pH 6.5; inorganic phosphate was determined by the formation of a phosphomolybdic complex (Widell and Larsson 1990) . The activity of cytochrome c oxidase (Jesaitis et al. 1977 ) was used as mitochondrial marker. Protein was determined by the method of Markwell et al. (1981) . On-section staining with phosphotungstic acid was used as an additional specific marker for PM. Samples were treated as described previously (Susan et al. 1996) and the purity of the PM was estimated as described elsewhere (Serrano et al. 1994) . The FC-R activity was followed by measuring the formation of the Fe(II)-BPDS (bathophenantrolinedisulfonate) complex from Fe(III)-chelate (Bienfait et al. 1983) . The FC-R activity of PM preparations was measured as in BrOggemann and Moog (1989) with 5-7 gg protein per ml in 15 mM MOPS-BTP, pH 6.8,250 mM sucrose, 5 mM MgCla, 0.02% Triton X-100, 600 gM BPDS, 500 gM NADH, and 500 gM Fe(III)-EDTA. The linearity of the absorbance increase over time was always checked. However, there was a significant photochemical reduction of Fe with time in the presence of organic acids, even with the low-intensity measuring beam. Therefore, the reaction was performed in complete darkness during 10-15 min, and then absorbance was measured at 535.0 nm, at room temperature, with a Shimadzu 2101 PC spectrophotometer with a 1 nm slit. An extinction coefficient of 22.14/mM-cm was used. Measurements were also made in the absence of PM to correct for any unspecific Fe reduction.
In other experiments an apoplast-type medium was used containing (in mM) K +, 10; Ca 2+, 2.15; NH4 +, 1; Mg 2+, 0.68; Na +, 0.1; NO3-, 14.64; C1,0.82; SO42-, 0.48; HzPO4-, 0.34. The medium also contained 15 mM MOPS-BTP and the pH was 6.8. Anaerobic assays were made by adding 42 U of glucose oxidase per ml, 10 mM glucose, and 50 gg catalase per ml to the same medium which was used in aerobic assays (Brfiggemann and Moog 1989) . Fe(III)-citrate and Fe(III)-malate were prepared by dissolving FeC13 in different concentrations of the acid-KOH at pH 6.0 and 6.5 for citric and malic acid, respectively, to give a final stock of 25 mM Fe at the acid : Fe ratios desired. For citrate, data are presented for the 20 : 1 and 5 : 1 citrate : Fe ratios. NaFe(III)-EDTA was from Sigma. The reducing capacity of pure flavins (separated by HPLC, see Susln et al. 1993a) was measured in a buffer containing 15 mM MOPS-BTP, pH 6.0, with either 500 btM NADH or NADPH.
Results and discussion
PM vesicles were prepared from leaves by the twophase partitioning method. The purity of the PM preparations was tested with several marker enzymes. The specific vanadate-sensitive ATPase activity was 2.5-and 2.6-fold higher in PM than in the dextran fraction in preparations from Fe-deficient and Fe-sufficient plants, respectively (286 + 27 and 337 + 49 nmol Pi per min-mg protein). Contamination by mitochondrial membranes was estimated to be lower than 4 and 6% in PM from Fe-sufficient and Fe-deficient plants, respectively. Electron microscopy of the isolated fractions indicated that PM accounted for 95.2 + 1.9 and 94.3 + 1.8% of the total membranes from leaves of Fe-sufficient and Fe-deficient plants, respectively. Therefore, the preparations were highly enriched in PM vesicles. These data are similar to those found for sugar beet root PM fractions (Susln et al. 1996) . Chlorophyll was absent in the samples, according to spectrophotometric and high-performance liquid chromatography methods. When measured under aerobic conditions and with the standard assay medium the FC-R activities were highest with Fe(III)-EDTA in leaf PM preparations from control and Fe-deficient plants (Table 1) , although statistically significant differences were only found between Fe(III)-EDTA and Fe(III)-malate (at the 1:25 ratio) in the PM from Fe-sufficient plants. The FC-R activities were similar with Fe(III)-citrate and Fe(III)-malate. In the particular case of Fe(III)-citrate, the citrate-to-Fe ratio did not affect much the FC-R activity, conversely to what was reported by Holden etal. (1991) , where activity increased by 65% when the citrate-to-Fe ratio increased from 5 : 1 to 20 : 1.
Effects of an apoplast-type assay medium on plasma membrane ferric chelate reductase activities
The PM FC-R activities, with Fe(III)-EDTA as substrate, were approximately the same with the apoplast-type and the standard assay media (Table 1) . However, with Fe(III)-citrate as substrate, the effect depended on the citrate-to-Fe ratio (Table 1) . When the citrate-to-Fe ratio was 20 : 1, the activities were practically the same in both media. At a lower citrateto-Fe ratio of 5 : 1, however, the activities were significantly lower with the apoplast-type medium than with the standard assay medium. This decrease was approximately 30 and 20% of the total FC-R activity in the Fe-sufficient and Fe-deficient PM preparations, respectively. Therefore, the changes in FC-R activities caused by the apoplast-type assay medium were similar in the leaf PM preparations from Fe-deficient and control plants. These data suggest that using the normal assay medium could be a good way for estimating the FC-R activities found under physiological conditions. Under these conditions, citrate could be the major organic-acid-chelating Fe in the apoplast and Fe concentrations are low. For instance, in sugar beet apoplast citrate concentrations are in the range of 1-5 mM whereas Fe is in the BM range (A. E L6pez-Mill~n, Estaci6n Experimental de Aula Dei, unpubl. (Tiffin I966a) , whereas ratios ranging from lower than 1 up to 40 were measured in Fe-deficient plants (Tiffin 1966b) . The decrease in FC-R activity caused by the apoplasttype medimn at low citrate-to-Fe ratios is possibly caused by changes in the chemical speciation caused by the inclusion of Ca in the assay medium, that could displace Fe from the Fe-citrate complex (data not shown).
Effects of anaerobiosis on plasma membrane ferric chelate reductase activities
Anaerobiosis increased significantly (by approximately 50%) the PM FC-R activities with Fe(III)-EDTA as substrate (Table 1) . However, with Fe(III)-citrate the increase in activity with anaerobiosis was very small and not significant. With Fe(III)-malate anaerobiosis increased FC-R activities significantly by approximately 90% (+Fe) and 70% (-Fe) over those obtained under aerobic conditions. Therefore, the changes in FC-R activity with anaerobiosis were similar in leaf PM from Fe-deficient and control plants. Overall, these data indicate that anaerobiosis could affect FC-R activities in the case of Fe complexes with EDTA (nonphysiologicaI conditions) and also with malate, an organic acid naturally present in the xylem and the apoplast of higher plants. However, with Fe(III)-citrate the effect of anaerobiosis on the FC-R activities was only small. Generally it is thought that oxygen could be an acceptor for the standard reductase, constitutively present in plant tissues, which is able to reduce ferricyanide (Moog and Brtiggemann 1994) . However, anaerobiosis increased the FC-R activities measured with Fe(III)-EDTA, which are induced by Fe shortage. For instance, anaerobiosis increased the FC-R activity of isolated bean roots by approximately 12% (Cakmak et al. 1987) , whereas in root PM from barley and tomato anaerobiosis increased FC-R activities by 85% (Brtiggemann and Moog 1989) and 50% (Br/iggemann et ai. 1990), respectively. Anaerobiosis also increased largely the FC-R reductase activity in sunflower leaf disks (de la Guardia and Alc~ntara t996). Involvement of oxygen species in the FC-R reductase has been also inferred from the effects of superoxide dismutase (SOD) on the FC-R activity.
The addition of SOD decreased Fe(III)-EDTA reduction approximately by half with intact bean roots (Cakmak etal. 1987) , root PM from cucumber (Rabotti and Zocchi 1994) and tomato (Brtiggemann et al. 1990) , and sunflower leaf disks (de la Guardia and Alcfintara 1996). These effects could be explained (Cakmak et al. 1987) on the basis of a twostep electron transfer from a flavin or quinone-type compound, in which one of the electrons can reduce oxygen, and the superoxide radical formed can in turn reduce Fe(III) in the absence, but not in the presence of SOD. However, SOD did not produce any effect on the FC-R activity from sugar beet root PM (Susfn 1994) . The involvement in the process of H202 is not likely, since generally catalase causes only minor effects; catalase increased the FC-R activity of cucumber PM by less than 6% (Rabotti and Zocchi 1994) and decreased FC-R activity in sugar beet root PM by approximately 20% (Susin 1994).
There is some indirect evidence that Fe-deficient tissues may actually be under conditions of h)Noxia. Some changes in leaf chlorophyll fluorescence caused by Fe deficiency are similar to those caused by anaerobiosis (Belkhodja et al. 1998) . Also, some polypeptides whose expression is increased in the roots of Fedeficient plants are also increased under hypoxia or anoxia (Herbik et al. 1996) . In the case that Fe deficiency causes hypoxia, the activity of FC-R with Fe(III)-malate as substrate could become relatively more important.
Effects of flavin-type compounds on plasma membrane ferric chelate reductase activities
Free flavins, without added PM, are capable to reduce efficiently Fe from Fe(III)-chelates. This reduction is dependent on the electron donor (NADH or NADPH), the pH value, and the type of flavin. For instance, when NADH was used as electron donor, Rbfl and Rbfl sulfates reduced Fe(III)-EDTA with a maximum at pH 3.0 (Fig. 1 ). However, with NADPH the maximum values were attained at pH 3.0 for Rbfl, whereas in the case of Rbfl sulfates the reduction rates increased with pH. Maximum reducing capacity was obtained with NADH and Rbfl. In a previous study it was found that Fe-deficiency increased the amount of flavin-compounds in the sugar beet leaf; Rbfl was the major compound found, although FAD and FMN were also present (Susin et al. 1993b ). Other flavin-type compounds, such as Rbfl sulfates, which have been reported to occur in the roots of Fe-deficient sugar beet (Susfn et al. 1993a) are not present in sugar beet leaves (Susfn et al. 1993b) . Therefore, we have tested the effect of Rbfl, FAD and FMN on the FC-R activities of leaf PM. The presence of flavins generally increased the FC-R activities of PM from control and Fe-deficient plants (Fig. 2) . Increases in FC-R activity were generally moderate (lower than twofold) and occurred both in PM from Fe-deficient and Fe-sufficient leaves and with Fe(III)-EDTA and Fe(III)-citrate as substrates. This suggests that none of the flavins tested is a necessary cofactor for the functioning of the FC-R, and that the moderate increases in FC-R found could arise from an electron transport stimulation caused by different flavin compounds. Riboflavin and FMN have been found to be necessary for FC-R activity, using Fe(III)-citrate as substrate, in the ectomycorrhizal fungus Laccaria luccatta (Shelton and Barton 1997). The NADH-Fe(III) chelate reductase isolated from maize and tomato roots (Bagnaresi and Pupillo 1995, Bagnaresi et al. 1997) presents similarities with the enzymes of the cytochrome b5 FAD-flavoprotein group. Although the FAD enzyme NADH-monodehydroascorbate reductase (Hossain and Asada 1985) is capable to reduce Fe(III) (B6rczi and M011er 1998), its activity with Fe(III) chelates is much lower than with other electron acceptors (B6rczi et al. 1995) . 
Conclusions
The data presented in this paper suggest that using a modified apoplast-type assay medium for the assay of the FC-R activity in leaf PM does not provide major advantages over the standard assay procedure, although it may help to better discriminate between different Fe(III) sources. 
